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Abstract. X-ray diffraction (XRD) and Raman scattering studies showed that the amorphous structure of 
Agx(As2S3)1-x samples with x≤0.15 is preserved upon annealing at 250 °C for up to 4 h. Meanwhile, XRD patterns 
of the annealed x = 0.3 sample show the presence of three kinds of silver thioarsenite nanocrystals formed in 
the samples upon annealing: AgAsS2 (smithite and trechmannite) as well as Ag3AsS3 (proustite). The average 
nanocrystal size, estimated from the Scherrer equation, is about 20 nm. Raman spectroscopy also shows the 
formation of thioarsenite nanocrystals in Agx(As2S3)1-x glasses upon annealing, with dependence on the silver 
content and annealing duration. Raman spectroscopy and energy-dispersive X-ray spectroscopy show 
thermally induced migration of silver atoms toward the sample surface upon annealing. 
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1. Introduction 
Ag-containing chalcogenide glasses and thin films have attracted researchers' attention for 
fundamental studies of their structure and properties because of their optical and 
thermoelectric characteristics, photosensitivity, and ionic conductivity, which make them 
promising for applications in optics, optoelectronics, sensorics, and solid-state ionics [1–6]. 
Ag–As–S system possesses a wide glass-forming region, with the glass compositions mostly 
prepared along Ag2S–As2S3 [4, 7–10] or Ag–As2S3 [5, 11–15] pseudo-binary lines. Much less 
studied are more sulfur-deficient Ag3AsS3–As2S3 materials [16–19]. 

The structure and properties of Ag–As–S glasses are known to undergo substantial 
changes under illumination. A well-known effect of photodoping As2S3 glasses and films with 
silver is illumination-induced diffusion of Ag atoms preliminarily deposited on the surface 
into the material depth [12, 13, 20]. Increasing the content of silver in amorphous 
chalcogenides may lead to substantial changes in their electrical properties, namely, 
noticeable ionic conductivity, which increases by several orders of magnitude upon the Ag 
concentration reaching the percolation threshold for ionic transport [21]. The ionic 
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conductivity is related to an increasing mobility of Ag ions in amorphous Ag–As–S and the 
formation of channels between the Ag-rich domains. 

Formation of nanocrystalline phases in amorphous Ag–As–S attracts interest in view of 
fundamental studies of the structure, composition, and characteristics of the nanocrystals 
formed, as well as the effect of nanocrystalline inclusions on the properties of the materials 
under investigation. Ag2S nanocrystals uniformly dispersed in amorphous As2S3 films were 
synthesized by diluting As2S3 and AgCl in an amine solvent, followed by spin coating [22]. 
Subsequently, the As2S3 films with Ag2S nanocrystals were used to fabricate nonlinear optical 
waveguides [23]. 

This paper presents X-ray diffraction (XRD) and Raman scattering studies of the 
possible appearance of annealing-induced crystalline phases in Agx(As2S3)1–x glasses. 

2. Experimental 
Agx(As2S3)1-x samples with silver content x up to 0.3 were prepared from pre-synthesized 
As2S3 glass and colloidal silver. We carried out the synthesis at 600°C for 4 h in constantly 
stirred, evacuated quartz ampoules, followed by rapid quenching in air. Preparation details 
are provided in our recent study [24]. Samples with silver content x = 0.08, 0.15, and 0.3 
were annealed at 250°C for 1 h (batch 1) and 4 h (batch 2). Annealing was carried out using a 
SNOL muffle furnace (TermoLab), with the temperature controlled by a chromel–alumel 
thermocouple with an accuracy of ±1 K. 

XRD structural analysis of the annealed samples was performed based on the 
measurements carried out for Agx(As2S3)1-x samples in Bragg-Brentano configuration using 
an AXRD Benchtop (Proto Manufacturing Ltd) diffractometer with Cu Kα radiation, a Ni filter, 
and a Dectris MYTHEN2R microstrip hybrid photon counting detector with 0.5 s exposure at 
each point. 

We performed scanning electron microscopy (SEM) and energy-dispersive X-ray 
spectroscopy (EDX) using a Tescan Vega TS5136MM scanning electron microscope equipped 
with an Oxford Instruments INCAx-act EDX detector.  We used pure nitrogen (99.99%) at 
20 Pa in the specimen chamber as a background gas in middle vacuum mode to avoid surface 
charging during spectral and EDX mapping measurements. The primary electron beam 
energy of 20 keV was used for elemental analysis and EDX mapping. 

Micro-Raman scattering spectra were recorded for both as-annealed samples and 
samples subjected to mechanical surface treatment (grinding and polishing). An XPloRa Plus 
spectrometer (Horiba Scientific) was employed, with excitation by a exc = 532 nm solid-state 
laser at a power density Pexc = 4 kW/cm2. We used a cooled CCD camera to detect the Raman 
signal. The instrumental resolution was better than 2.5 cm–1. Measurements were performed 
at room temperature. 

3. Results and discussion 
Synthesized Agx(As2S3)1-x samples had an amorphous structure, as confirmed by XRD and 
Raman spectroscopy [24]. XRD patterns of the annealed Agx(As2S3)1-x samples are shown in 
Fig. 1a. It can be seen that samples with x = 0.08 and x = 0.15 exhibit only broad smooth 
maxima typical for amorphous materials, without any sharp reflection peaks that could 
indicate the presence of crystalline inclusions. However, for x = 0.3 one can observe a single 
weak narrow reflection peak at 32.35° (for the sample annealed for τann = 1 h) or three 
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reflection peaks at 28.0°, 32.5°, and 46.4° (for τann = 4 h), which are signatures of crystallites 
formed in the Ag0.3(As2S3)0.7 glass samples upon annealing. Comparison of the observed 
diffraction pattern with the reference data for the probable crystalline phases of AgAsS2 – 
smithite [25] and trechmannite [26], as well as Ag3AsS3 – proustite [27] is demonstrated in 
Fig. 1b. One can see that the observed peaks can originate from any of the three crystalline 
phases under consideration. The most intense observed narrow peak position (32.5°) almost 
perfectly matches the corresponding feature of proustite, while the slightly broader peaks at 
28.0° and 46.4° can readily originate from contributions of corresponding doublets (27.86° 
and 28.45° as well as 45.83° and 46.96°). In contrast, the measured diffractogram shows no 
reflections near the prominent proustite features at 34.98° and 35.90° ([113] and [131] 
planes, respectively [28]). In general, one may assume the existence of a preferential 
orientation of the crystallites in the sample which would make the reflections from the [113] 
and [131] planes less probable; however, one can hardly find a physical reason why the 
crystallites with such a preferential orientation should be formed in an isotropic glass 
sample upon annealing. Hence, this is most likely evidence for the absence of the proustite 
phase in the sample. Another possibility is to ascribe the observed peaks to trechmannite, for 
which the discrepancies between the characteristic features and the observed peaks are also 
very tiny (28.27° versus 28.0°, 33.07° versus 32.5°, and 46.75° versus 46.4°). Finally, smithite  
can also serve a good candidate for the role of the crystalline phase formed, for which the 

 
Fig. 1. (a): XRD patterns of annealed Agx(As2S3)1-x glasses; (b): comparison of the zoomed-in range of the  
XRD pattern of the annealed Ag0.3(As2S3)0.7 sample containing the observed reflections to the reference data 
for possible crystalline phases adapted from the literature (see the text for the references). 
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intense feature at 32.70° matches the most prominent peak observed at 32.5° while the 
somewhat broader maxima at 28.0° and 46.4° correspond to the feature at 27.74° (with 
possible contribution from the one at 28.27°) and a doublet near 45.64° plus a triplet at 
46.60°, respectively. The noticeable peak width and low intensity, most likely due to the 
small crystallite size and the small fraction of atoms participating in crystallization, prevent 
unambiguous identification of the crystalline phase formed upon annealing. 

One should also mention that our recent XRD measurements of unannealed Agx(As2S3)1-x 
samples clearly confirmed their amorphous structure for x ≤ 0.3 while the sample with 
higher Ag content (x = 0.4) rather surprisingly appeared to contain small (up to 50 nm) 
crystalline inclusions of a relatively rare phase of As4S4 – alacranite [24] which, along with 
the absence of features of elemental silver confirmed the essential role of Ag atoms in 
building up the Ag–As–S glass network, most likely playing the role of linkages connecting 
AsS3 pyramidal units in the glass structure by S–Ag–S bridges [8, 9, 14, 15, 20]. 

Although, as noted above, we could not unambiguously identify the structure of the 
crystalline phase formed in the Ag0.3(As2S3)0.7 samples upon annealing for ann = 4 h, we 
managed to estimate the average size L of the crystallites in the amorphous Ag–As–S matrix 
based on the halfwidth (FWHM) of the most prominent XRD peak at 32.5, using the well-
known Scherrer equation [29] (2) = K /Lcos where (2) is the peak halfwidth (for 
2 =32.5  =0.45), λ = 0.154 nm is the X-ray wavelength, K is the shape factor (K=0.9), and 
 is the diffraction angle. The estimated average crystallite size is about 20 nm. 

Illumination can noticeably change the properties of As2S3 and Ag–As–S glasses, both 
due to the thermal effects of absorbed light and to nonthermal photoinduced effects, which 
are well known for these materials [30–32]. Raman spectra of Agx(As2S3)1-x glasses may 
depend on the excitation energy and intensity [24]. In order to minimize photoinduced 
migration of silver from the illuminated area, which has been reported for amorphous  
Ag–As–S [7, 12, 13, 20, 24, 33–35], the spectra were measured at a low laser power density 
Pexc= 4 kW/cm2, which did not lead to noticeable surface deformation. 

Raman spectra of the annealed Agx(As2S3)1-x glass samples not subjected to post-annealing 
treatment are shown in Fig. 2. For the glass with x = 0.08 one can, similarly to amorphous As2S3, 
observe an intense broad maximum near 340 cm−1, attributed primarily to As–S bond 
vibrations of AsS3 (often referred to as AsS3/2) pyramidal groups with minor contributions 
from vibrations of other structural groups [36, 37] as well as two weaker maxima near 180 and 
slightly below 230 cm−1 which are typically assigned to the vibrations of homopolar As–As 
bonds in As4S4 structural groups [37–39]. For the sample with higher Ag content (x = 0.15), the 
dominating feature is observed at a noticeably higher frequency, 356 cm−1 (Fig. 2). This 
maximum is revealed in the Raman spectra of amorphous Ag–As–S materials as the most 
prominent feature that distinguishes them from amorphous As2S3. It is ascribed to the 
vibrations of As–S bonds in AsS3 pyramidal units linked by S–Ag–S bridges [8, 9, 14, 15, 20, 40]. 
For unannealed Ag0.15(As2S3)0.85 glass, the Raman spectra did not show this feature as a distinct 
maximum and looked similar to the spectra of glasses with lower Ag content [24]. In any case, 
Raman spectra of annealed samples with x < 0.3 do not show features related to possible 
crystalline phases that could emerge upon annealing. 

From our recent SEM and EDX study [24], it is known that Agx(As2S3)1-x glasses with x ≥ 0.3 
are composed of quite distinctly separated silver-rich and silver-poor amorphous phases with 
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a noticeable difference in Ag content (for 
instance, for x=0.3, nearly 13% versus about 
4%, respectively). Earlier studies observed this 
phase separation at even lower silver content 
(x ≥ 0.04) [8, 9]. Silver content in the Ag-rich 
amorphous phase tends to approach 25 at. % 
[8], which corresponds to the composition of 
AgAsS2, the same as that of the known smithite 
and trechmannite crystals [41]. 

The EDX mapping of the annealed 
Agx(As2S3)1-x glass samples without post-
annealing mechanical treatment (Fig. 3) 
demonstrates that Ag-rich and Ag-poor regions 
are clearly observed not only for the sample 
with x = 0.3 (as expected), but also for a much 
lower silver content (x = 0.15). For the 
unannealed sample of this composition the 
element content map was clearly homogeneous 
[24], The backscattered electron (BSE) images 
in Fig. 3 confirm the presence and geometrical 
configuration of areas with different chemical 
compositions. Backscattered electrons are more 
intensely reflected by elements with a higher 
atomic number Z; hence, areas with a higher 
content of silver (Z=47) appear brighter in the 
BSE image than those containing more arsenic 
(Z=33) and sulfur (Z=16). 

 
Fig. 3. EDX-based maps of element (Ag, As, and S) content distribution, as well as BSE images, for 
Ag0.15(As2S3)0.85 (a) and Ag0.3(As2S3)0.7 (b) glasses annealed at 250°C for 4 h and not subjected to any 
post-annealing treatment. Brighter areas indicate a higher content of the relevant element; in the BSE 
image, brighter areas indicate a higher content of the element with a higher atomic number (Z). 

 
Fig. 2. Solid lines show Raman spectra of 
Agx(As2S3)1-x glasses with x = 0.08 and x = 0.15, 
annealed at 250°C for 1 h and not subjected to 
any post-annealing treatment, measured at an 
excitation wavelength of exc = 532 nm and 
Pexc=4 kW/cm2. Raman spectra of the samples 
before annealing measured at similar conditions 
[24] are shown by dotted lines. 
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Table 1. EDX-based elemental content in different regions of Agx(As2S3)1-x glass samples with 
x = 0.15 and x = 0.3 annealed at 250 C for 4 h and not subjected to any post-annealing treatment. 

Sample Ag, at. % As, at. % S, at. % 

Ag0.15(As2S3)0.85 (Ag-rich) 23.4 29.1 47.5 

Ag0.15(As2S3)0.85 (Ag-poor) 4.3 38.5 57.2 

Ag0.3(As2S3)0.7 (Ag-rich) 23.6 27.4 49.0 

Ag0.3(As2S3)0.7 (Ag-poor) 4.7 38.5 56.8 

The content of the elements of interest in the Ag-rich and Ag-poor regions determined by 
EDX scanning performed separately over the "bright" and "dark" areas of the annealed samples 
(Table 1) clearly shows that the Ag-rich and Ag-poor regions within one sample have quite 
different compositions, but the composition of the Ag-rich (and likewise the Ag-poor) regions is 
similar for both samples. Similar to the data of our recent study for unannealed samples with 
x  0.3 [24] as well as to those obtained earlier by other authors [8], the silver content in the Ag-
rich areas of the annealed samples approaches 25 %, which corresponds to the composition of 
crystalline smithite and trechmannite AgAsS2. 
One should point out that both phases, in spite 
of quite distinct boundaries between them, 
remain amorphous. Since this separation of the 
annealed  Agx(As2S3)1-x glasses is revealed for a 
much broader interval of the sample 
compositions, one may conclude from the EDX 
data that the thermal annealing facilitates the 
separation of the two amorphous phases in 
Agx(As2S3)1-x. 

Other authors [8] observed a coexistence 
of Ag-rich and Ag-poor amorphous phases in 
samples across a much wider compositional 
range (for nominal Ag content above 4 %), 
whereas our samples before annealing showed 
phase separation only for x ≥ 0.3 [24]. This 
discrepancy may stem from differences in the 
Ag-to-S content ratio between more sulfur-rich 
Agx(As33S67)1-x glasses [8] and Agx(As2S3)1-x 
glasses with much less sulfur in our case. 

Raman spectra of the unannealed 
Ag0.3(As2S3)0.7 sample clearly revealed 
differences due to phase compositions with 
different silver content [24]. As could be 
expected, the spectra of the lighter (Ag-rich) 
and darker (Ag-poor) regions of annealed 
samples are also different (Fig. 4). The spectra 
of the Ag-poor regions clearly show typically 

    
Fig. 4. Solid lines show Raman spectra of Ag-rich 
and Ag-poor regions of an Ag0.3(As2S3)0.7 glass 
sample annealed at 250°C for 1 h and not subjected 
to any post-annealing treatment. The spectra were 
measured at an excitation wavelength of 
exc = 532 nm and Pexc = 4 kW/cm2. Raman spectra 
measured under similar conditions for the Ag-rich 
and Ag-poor regions of the same sample before 
annealing [24] are shown by dotted lines. 
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"amorphous" features with a dominating contribution of the band near 360 cm−1, characteristic 
of Ag–As–S materials and attributed to the vibrations of As–S bonds in AsS3 pyramidal units 
linked by S–Ag–S bridges. Note that this maximum in the Raman spectrum of the Ag-poor areas 
of the annealed samples is more pronounced than the one for the unannealed sample reported 
recently [24]. 

Meanwhile, for the Ag-rich areas of the annealed Ag0.3(As2S3)0.7 sample (without post-
annealing mechanical treatment), the Raman spectra look completely different (Fig. 4). They 
contain an ample set of narrow Raman peaks evidently corresponding to a crystalline phase  
(or multiple phases) emerging in the sample upon annealing for 4 h at 250 C. There are 
several possible crystalline phases containing Ag, As, and S, the most well-known among them 
being proustite Ag3AsS3, smithite AgAsS2, and trechmannite AgAsS2. 

The most intense, highest-frequency narrow peak at 358 cm−1 may correspond to 
proustite (360–364 cm−1) [28, 41, 42], smithite (364 cm−1) [41], and trechmannite (358 cm−1) 
[41]. However, the unpolarised Raman spectrum of trechmannite is known to contain a very 
intense dominating narrow peak at 374 cm−1 [41] which is missing in our spectrum measured 
for the Ag-rich region of the annealed Ag0.3(As2S3)0.7 sample shown in Fig. 4. Since there is no 
particular reason for any preferred orientation of possibly formed trechmannite crystallites 
that would prevent the 374 cm−1 peak from being revealed in the Raman spectrum, the 
possibility of formation of trechmannite in the Ag0.3(As2S3)0.7 glass upon annealing looks less 
probable, although it cannot be excluded completely since the contribution of the trechmannite 
feature near 374 cm−1 may be masked by other phases contributing to this spectral interval. 

Another intense peak at 319 cm−1 could correspond to a feature of proustite reported at 
318 cm−1 [41]; however, for proustite, this peak did not reveal itself as a maximum [28, 41, 42], 
but was only a component of multi-peak spectrum fitting [41]. Meanwhile, the closest 
frequency positions of intense peaks are at 332–334 cm−1 for proustite [28, 41, 42] and 
327 cm−1 for smithite [41]. Note that a rather strong and narrow Raman peak at 311–313 cm−1 
is reported for crystalline As2S3 (orpiment) [43–45]. One might assume that orpiment is 
another crystalline species possibly formed upon annealing of Ag0.3(As2S3)0.7 glass; however, in 
such a case the XRD patterns of the annealed samples should contain the most intense 
orpiment XRD peak at 18.57° [46], which, as can be seen from Fig. 1, is not observed at all. The 
correct attribution of the Raman peak distinctly observed for the annealed Ag0.3(As2S3)0.7 
sample at 319 cm−1 remains unclear. 

A clearly defined peak in the spectrum of the annealed Ag0.3(As2S3)0.7 sample (Ag-rich 
regions) at 297 cm−1 as well as less intense ones at 236 and 277 cm−1 do not have clear 
counterpart in the phonon spectrum of proustite [28, 41, 42] while for smithite an intense peak 
at 300 cm−1 and weaker features at 233 and 280 cm−1 are reported [41]. A contribution to the 
maximum at 236 cm−1 may also come from the As–As vibrations in the As2S3 glass structure. 

The maximum observed at 176 cm−1 (Fig. 4) has its counterparts in both proustite  
(174–185 cm−1 [28, 41, 42]) and smithite (177 cm−1 [41]) crystals. Likewise, features similar to 
the weak band at 136 cm−1 are reported for proustite (131–132 cm−1 [28, 41]) and smithite 
(142 cm−1 [41]). 

Based on the Raman measurements, one may suppose that nanocrystals formed upon 
annealing of Ag0.3(As2S3)0.7 glass belong to different phases in its Ag-rich regions, namely 
smithite, proustite, and (less probably) trechmannite. This correlates with the XRD patterns of 
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the annealed Ag0.3(As2S3)0.7 sample (Fig. 1), which also show reflections characteristic of the 
three phases discussed. As mentioned above, XRD data do not unambiguously confirm the 
presence of proustite crystallites in the annealed sample, although the Raman data suggest a 
possible contribution. It is generally possible that a small volume fraction of proustite can be 
insufficient to be detected by XRD, but may simultaneously produce an observable Raman 
signal. Reliable quantitative estimations of this possibility are strongly encumbered. 

An interesting detail was noticed in the Raman spectra of a "mixed' (evidently containing 
both Ag-rich and Ag-poor areas) region of the Ag0.3(As2S3)0.7 glass sample annealed at 250°C for 
1 h. The spectrum measured at a short acquisition time (20 s) shows a broad feature with a 
maximum at 364 cm−1 and a shoulder near 320 cm−1, as shown in the spectra of the Ag-poor areas 
of the sample above. However, with increasing acquisition time, narrow features gradually 
emerge, similar to those revealed in spectra from the Ag-rich areas (Fig. 5). Evidently, these 
features result from nanocrystal formation in the sample during the measurement. One should 
note that no such effect was observed for the unannealed sample, nor for annealed samples with 
lower silver content; with regard to the Ag-rich areas of the same Ag0.3(As2S3)0.7 glass sample 
annealed at 250°C for 1 h they were observed immediately, from the very beginning of the 
measurement (Fig. 4) which means that the formation of nanocrystals was the result of the 
annealing, but not initiated by the Raman measurement. In this case, the photoinduced formation 
of the nanocrystals can be related to a purely thermal mechanism driven by the thermal effect of 
absorption of the incident laser light in the sample and its considerable heating in the laser spot. 
Similar effects are often observed for bulk and thin-film amorphous chalcogenides [47–54]. 

Alternatively, one may assume a 
contribution from another mechanism 
specific to amorphous chalcogenides, 
where light interaction results in 
photosoftening of the material and a drastic 
enhancement of diffusion that can facilitate 
nanocrystal formation in the illuminated 
area [55–57]. One should keep in mind that 
in our case the laser power density 
(Pexc=4 kW/cm2) was much lower than in 
studies reporting formation of nanocrystals 
in amorphous chalcogenides due to purely 
thermal effect of the laser irradiation [50, 
51, 54], therefore one may assume that 
nonthermal photosoftening of the glass 
structure and photoenhanced diffusion 
may be to a great extent responsible for the 
formation of nanocrystals under laser 
illumination evidenced by Fig. 5. 

Raman spectra of the Ag0.3(As2S3)0.7 
glass sample annealed for a longer 
duration (4 h), shown in Fig. 6, clearly 
show that narrow features, similar to 

     
Fig. 5. Time evolution of the Raman spectra of a 
"mixed' (Ag-rich and Ag-poor) region of an 
Ag0.3(As2S3)0.7 glass sample annealed at 250°C for 1 h 
and not subjected to post-annealing mechanical 
treatment. We measured the spectra at an excitation 
wavelength of exc = 532 nm and Pexc = 4 kW/cm2 at 
different acquisition times. 
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those observed in the Ag-rich areas of 
the sample annealed for 1 h, appear 
from the beginning. They appear in 
spectra measured at different points 
on the sample surface, confirming the 
formation of silver thioarsenite 
nanocrystals in the annealed samples. 
The set of narrow Raman features is 
even more abundant compared to 
Fig. 4, including the higher-frequency 
peak at 372 cm−1 close to the one 
characteristic of trechmannite [41], 
which was not clearly defined for the 
sample annealed for 1 h. This supports 
our conclusion that upon annealing of 
the Ag0.3(As2S3)0.7 sample, different 
kinds of silver thioarsenite 
nanocrystals (smithite, trechmannite, 
and proustite) are formed. Note that for 
the Ag0.3(As2S3)0.7 sample annealed at 

250°C for 4 h and not subjected to post-annealing mechanical treatment the spectra measured from 
different points on the sample surface (presumably Ag-rich and Ag-poor), look practically identical. 

All the above spectra were measured for the Ag0.3(As2S3)0.7 sample, which did not undergo 
any additional treatment after annealing. When we performed similar measurements after 
grinding off ~1 mm of the surface layer of the Ag0.3(As2S3)0.7 sample and polishing, we 
unexpectedly obtained rather different spectra shown in Fig. 7. For the darker (Ag-poor) 
regions of the polished sample the dominating Raman maximum was observed at 345 cm−1 
that correlates with the data for Ag-poor regions of the unannealed sample [24], but does not 
match the spectrum of the same annealed sample measured before mechanical treatment 
(Fig. 4) where the spectral position of the peak (363 cm−1) corresponded to a noticeably higher 
silver content in the Ag-poor region. For the Ag-rich regions of the polished sample, the 
spectrum also correlates with that of the unannealed sample [24], with the 367 cm−1 peak 
position indicating high Ag content. However, in the spectrum of the annealed sample after the 
mechanical treatment (grinding and polishing), there is no trace of crystalline features 
observed for the mechanically untreated annealed sample. From this, one may assume that, in 
addition to phase separation with coexisting Ag-rich and Ag-poor regions, the inner areas of 
the sample contain less silver in both Ag-rich and Ag-poor regions. Additionally, comparison of 
the Raman data in Fig. 4, 6, and 7 implies that thiorsenite nanocrystals are formed upon 
annealing only in the outer (closer to the surface) parts of the Ag0.3(As2S3)0.7 sample. Although 
the annealing was performed in air, there are no indications linking the formation of 
thioarsenite nanocrystals to oxygen interactions, since both XRD and Raman data clearly show 
AgAsS2 and crystalline phases but no evidence of oxygen-containing compounds on the sample 
surface. More extensive experiments are needed to clarify the mechanisms that restrict the 
formation of thioarsenite nanocrystals in Ag–As–S glasses upon annealing to the near-surface 
areas of the samples. 

    
Fig. 6. Time evolution of the Raman spectra of an 
Ag0.3(As2S3)0.7 glass sample annealed at 250 C for 4 h and 
not subjected to post-annealing mechanical treatment. The 
spectra were measured at the excitation with exc=532 nm, 
Pexc=4 kW/cm2. 
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EDX mapping measurements of 
annealed Agx(As2S3)1-x glass samples 
subjected to subsequent mechanical 
treatment (grinding and polishing) also 
showed noticeably different results from 
those of annealed samples without surface 
treatment. As can be seen from Fig. 8a, for 
the sample with x = 0.15, the EDX maps 
show uniform element content with no 
visible phase separation into Ag-rich and 
Ag-poor regions. This pattern is similar to 
that of the unannealed glass of the same 
composition [24], but drastically differs 
from that of the annealed glass with 
x = 0.15 without post-annealing treatment 
shown in Fig. 3a. Data presented in Table 2 
show that the average silver content in the 
annealed and mechanically treated sample 
in this case is close to that in the 
unannealed sample [24] as well as in the 
Ag-poor regions of annealed Agx(As2S3)1-x  

glass samples reported above in Table 1. Meanwhile, for the sample with x = 0.3 grinding and 
polishing do not change the amorphous phase separation pattern (Fig. 8b). Note that, as 
follows from Table 2, the silver content in the Ag-rich phase of this sample after the post-
annealing treatment (13.5 at. %) is close to the one in the silver-enriched region of the 
unannealed x = 0.3 sample (12.7 at. % [24]), but noticeably lower than its value for the Ag-rich 
area of the annealed sample before the mechanical surface treatment (23.6 at. %, Table 1). 

 
Fig. 8. EDX-based maps of element (Ag, As, and S) content distribution, as well as BSE images for 
Ag0.15(As2S3)0.85 (a) and Ag0.3(As2S3)0.7 (b) glasses annealed at 250 C for 4 h and subjected to post-annealing 
surface grinding and polishing. Brighter areas indicate a higher content of the relevant element; in the BSE 
image, brighter areas indicate a higher content of the element with a higher atomic number (Z). 

    
Fig. 7. Raman spectra of Ag-rich and Ag-poor regions 
of an Agx(As2S3)1-x glass sample annealed at 250°C for 
1 h and polished after the annealing. The spectra were 
measured at an excitation wavelength of exc=532 nm 
and Pexc=4 kW/cm2. 



Y. Azhniuk  et al 

Ukr. J. Phys. Opt. 2026, Volume 27, Issue 4 04138 

Table 2. EDX-based elemental content in different regions of Agx(As2S3)1-x glass samples with 
x = 0.15 and x = 0.3 annealed at 250 C for 4 h and polished after the annealing. 

Sample Ag, at. % As, at. % S, at. % 

Ag0.15(As2S3)0.85 (no separation) 4.2 38.3 57.5 
Ag0.3(As2S3)0.7 (Ag-rich) 13.5 33.8 52.7 
Ag0.3(As2S3)0.7 (Ag-poor) 5.3 39.0 55.7 
It follows from the Raman and EDX data that the initial (untreated) surface and near-

surface areas of the annealed samples contain substantially more silver than the inner regions, 
which are probed by Raman spectroscopy and EDX after the near-surface layer is removed by 
grinding and polishing. One may conclude that thermal annealing, in particular, results in a 
noticeable increase in silver migration toward the glass surface. 

The contrast between the Ag-rich and Ag-poor phases is well observed not only by SEM  
[6, 8, 11] and AFM [58] imaging, as well as EDX [24, 59] and micro-Raman [59] mapping, but also 
by optical microscopy [9]. It can clearly be seen from Fig. 9 that, in our case, annealed Agx(As2S3)1-x 
glass samples with x < 0.3 are quite homogeneous, while the one with x = 0.3, similarly to the 
unannealed one, clearly demonstrates the presence of geometrically well-defined lighter and 
darker regions which, similarly to [9], correspond to the regions with higher and lower silver 
content. These images of the optically resolved Ag-rich and Ag-poor areas on the annealed 
Ag0.3(As2S3)0.7 glass surface perfectly match the EDX maps shown in Fig. 8b. 

 
Fig. 9. Optical microscope images of Ag0.15(As2S3)0.85 (a) and Ag0.3(As2S3)0.7 (b) glasses annealed at 
250 C for 4 h and polished after the annealing. 

4. Conclusions 
Amorphous Agx(As2S3)1-x samples with x up to 0.3 were annealed at 250°C for 1 h and 4 h in a 
muffle furnace. XRD and Raman scattering studies showed that the amorphous structure of 
samples with x ≤ 0.15 is preserved upon annealing. Meanwhile, for the annealed x = 0.3 
sample, the XRD patterns demonstrate the presence of reflections that are characteristic of 
crystalline silver thioarsenites AgAsS2 (smithite or trechmannite) and Ag3AsS3 (proustite). 
The experimental data are consistent with the formation of all three silver thioarsenite 
nanocrystal types in the samples upon annealing. The Scherrer equation estimates the 
average nanocrystal size at about 20 nm. 

EDX mapping of the annealed Agx(As2S3)1-x glasses shows that phase separation into 
coexisting Ag-rich and Ag-poor amorphous regions is observed not only for samples with 
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higher silver content (x = 0.3), but also for the sample with x = 0.15, contrary to the unannealed 
glass of a similar composition. 

Raman spectra of the Ag0.3(As2S3)0.7 sample annealed for 1 h, measured without additional 
post-annealing mechanical treatment (grinding and polishing) of the sample, demonstrate 
different behavior for the  Ag-rich and Ag-poor areas. Namely, while the Ag-poor areas exhibit 
broad Raman features typical for amorphous Ag–As–S, the spectra measured from the Ag-rich 
areas show narrow peaks at frequencies characteristic of smithite, trechmannite, and proustite 
nanocrystals formed in the amorphous Ag0.3(As2S3)0.7sample upon annealing. Meanwhile, for 
the Ag0.3(As2S3)0.7 sample annealed for 4 h, the nanocrystal-related features are revealed in the 
spectra measured from different sample points, regardless of the Ag content in the area. 

We observed an interesting effect in the Ag0.3(As2S3)0.7 sample annealed for 1 h. When a 
"mixed" (Ag-rich + Ag-poor) region of the sample was probed, the Raman spectra initially (at 
short measurement time) were typical for the amorphous Ag–As–S material, while with 
increasing measurement time the narrow nanocrystal-related features gradually emerged in 
the Raman spectra as evidence for the formation of the silver thioarsenite nanocrystals in the 
laser spot under illumination by the exc=532 nm beam. The mechanism of the nanocrystal 
formation cannot be purely thermal since the laser power density Pexc= 4 kW/cm2 itself is not 
sufficient for heating the sample to the temperatures required to initiate the material 
crystallization (otherwise a similar transformation of the spectra could be observed for the 
unannealed Ag0.3(As2S3)0.7 sample, which is not the case [24]). Hence, one should consider that 
an essential role in the photoinduced formation of the silver thioarsenite nanocrystals in the 
"mixed" area is played by the effect of photosoftening of the Ag–As–S glass, resulting in a 
drastic drop in its viscosity and enhanced diffusion that enables nanocrystal formation in the 
illuminated area. 

All the above effects were observed for the annealed Agx(As2S3)1-x samples without any 
post-annealing mechanical treatment. Raman spectra of the samples after grinding and 
polishing were typical for amorphous Ag–As–S and did not reveal any signatures of nanocrystal 
formation. The EDX elemental analysis shows that samples subjected to post-annealing 
mechanical treatment contain much less silver than the mechanically untreated annealed 
samples. From this, one may conclude that annealing of Agx(As2S3)1-x glasses leads to the 
migration of silver atoms toward the sample surface. 
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Анотація. Дослідження дифракції рентгенівських променів і раманівської спектроскопії 
показали, що при відпалі при 250 °C тривалістю до 4 год зберігається аморфна структура 
зразків Agx(As2S3)1-x з x  0.15. Водночас дифрактограми зразка з x = 0.3 вказують на утво-
рення при відпалі нанокристалів тіоарсенатів срібла трьох типів: AgAsS2 (смітит і 
трехманіт) та Ag3AsS3 (прустит). Середній розмір утворених нанокристалів, оцінений за 
формулою Шерера, становить близько 20 нм. Утворення нанокристалів тіоарсенітів у 
склах Agx(As2S3)1-x при відпалі також підтверджується даними раманівської спектроскопії, 
яка показує залежність цього явища від вмісту срібла у склі та тривалості відпалу. 
Методами раманівської спектроскопії та енергодисперсійної рентгенівської спектроскопії 
показано термоіндуковану міграцію срібла з об'єму до поверхні зразків.  

Ключові слова: аморфні халькогеніди; розділення фаз; нанокристали; дифракція 
рентгенівських променів; раманівська спектроскопія; фотоіндуковані ефекти 


